Introduction
The mammalian cerebral cortex plays crucial roles in the formation of learning, memory, and cognition. The neurons in the neocortex are derived from multiple progenitor populations (McConnell, 1995) . Among them, radial glial cells, which are the primary progenitors, produce self-renewing cells and simultaneously undergo asymmetric divisions to give rise to postmitotic neurons (Jiang and Nardelli, 2016) . The normal function of the cerebral cortex is dependent on the process of neuronal production, which is often referred to as neurogenesis. During neurogenesis, the timing of self-renewal, differentiation, and maturation needs to be accurately controlled . The highly regulated process is orchestrated by various intracellular mechanisms and extracellular signals. Epigenetics is generally considered as a heritable change in gene expression that is not caused by alterations in the DNA sequence, and its regulation depends on the interaction between the environment and genes (Bird, 2007) . Recently, it has been reported that epigenetic regulations, such as DNA and histone modifications, are involved in the highly regulated periods of neurogenesis (Yao et al., 2016) . Although new light has been shed on the functions of epigenetic regulation in neurogenesis, how epigenetic molecules specifically modulate brain development still needs to be further investigated.
Histone cell cycle regulator (HIRA) is a histone chaperone and the homologue of Saccharomyces cerevisiae Hir1p and Hir2p. When HIRA is knocked out, many basic cellular pro-cesses are affected, resulting in DNA damage, limited de novo methylation, and aberrant transcription (Nashun et al., 2015) . It is noteworthy that homozygous HIRA mutant embryos are always lethal by embryonic day 11 (E11), suggesting its important role in embryonic development. HIRA is involved in many biological processes, including gastrulation, angiogenesis, and transcriptional regulation (Dutta et al., 2010; Szenker et al., 2012; Majumder et al., 2015) . DiGeorge syndrome (DGS), also called 22q11.2 deletion syndrome (McDonald-McGinn and Sullivan, 2011) , is a genetic disease with cognitive impairments and learning disabilities (Zinkstok and van Amelsvoort, 2005) . Several previous studies have reported that HIRA is a DGS candidate gene that maps to the DGS-specific region at 22q11 (Lorain et al., 1996; Farrell et al., 1999) . Intriguingly, several studies have provided evidence that DGS patients have an ∼20-fold increased risk of schizophrenia (Bassett et al., 2003) . Schizophrenia is a grievous brain disorder, and growing evidence indicates that schizophrenia is associated with neurodevelopmental defects (Ross et al., 2006; Mao et al., 2009 ). These findings propose the possibility that HIRA may be associated with early neural development. However, the detailed mechanisms and its role in neural progenitor cells (NPCs) remain to be defined.
β-Catenin is highly expressed in NPCs in the ventricular zone/subventricular zone (VZ/SVZ) of the cerebral cortex. It has been reported as a crucial element of the canonical Wnt signaling pathway. During neurogenesis, β-catenin plays key Histone cell cycle regulator (HIRA) is a histone chaperone and has been identified as an epigenetic regulator. Subsequent studies have provided evidence that HIRA plays key roles in embryonic development, but its function during early neurogenesis remains unknown. Here, we demonstrate that HIRA is enriched in neural progenitor cells, and HIRA knockdown reduces neural progenitor cell proliferation, increases terminal mitosis and cell cycle exit, and ultimately results in premature neuronal differentiation. Additionally, we demonstrate that HIRA enhances β-catenin expression by recruiting H3K4 trimethyltransferase Setd1A, which increases H3K4me3 levels and heightens the promoter activity of β-catenin. Significantly, overexpression of HIRA, HIRA N-terminal domain, or β-catenin can override neurogenesis abnormities caused by HIRA defects. Collectively, these data implicate that HIRA, cooperating with Setd1A, modulates β-catenin expression and then regulates neurogenesis. This finding represents a novel epigenetic mechanism underlying the histone code and has profound and lasting implications for diseases and neurobiology.
roles in regulating the developmental program and can direct progenitors to proliferate or differentiate (Zechner et al., 2003) .
The fundamental building block of chromatin is the nucleosome, which is composed of ∼146 bp of DNA and octamers of histone proteins. The loose packaging state is associated with active and increased gene expression, whereas compact packaging is associated with decreased gene expression. DNA methylation and chemical modification of the histone proteins determine the chromatin structure and impact gene expression (Felsenfeld and Groudine, 2003) . The vast majority of functional histone modifications reside at the N-terminal tails, which protrude from the nucleosome. A variety of covalent modifications such as methylation, acetylation, ubiquitination, and phosphorylation are involved. These modifications are correlated with specific states of transcription (Fischle et al., 2003) . Among them, the trimethylation of histone 3 at lysine 4 (H3K4me3) is abundant at the transcriptional start sites of genes and widely correlates with active transcription within the scope of the whole genome (Bernstein et al., 2005; Berger, 2007) . However, the role of epigenetic mechanisms in brain development needs to be further elucidated.
In this study, we determine that HIRA is highly enriched in neural progenitors and that HIRA defects lead to reduced proliferation in NPCs and result in an increased proportion of cells that differentiate into neurons. Mechanically, HIRA regulates β-catenin levels by recruiting H3K4 trimethyltransferaseSetd1A and affects the level of H3K4me3, which is enriched at active transcription promoters. Additionally, we further narrowed down the functional domain of HIRA and found that the proliferation defects caused by HIRA knockdown could be rescued by overexpression of full-length HIRA, the functional domain of HIRA, or β-catenin. Collectively, our data provide firm evidence that HIRA, an epigenetic-associated molecule, plays an important role in β-catenin signaling and modulates NPC proliferation and differentiation.
Results

HIRA is expressed in the embryonic cerebral cortex and NPCs
To analyze the expression pattern of HIRA during cortical development, we obtained cerebral tissues from E13, E15, and E18 and performed Western blot. Our results showed that the expression of HIRA peaked at E15 and gradually declined as the process of development progressed (Fig. 1, A and B) . Moreover, we determined that the expression of PAX6 (one type of NPC marker) was reduced as development proceeded. In contrast, the up-regulation of TUJ1 (the neuronal marker β-IIItubulin) expression was observed ( Fig. 1 , A, C, and D). The data suggest that HIRA may be required for embryonic cortical development. To confirm the expression patterns in vivo, E13 and E15 brain sections were collected. By immunostaining for HIRA and NES TIN, we found that HIRA protein can colocalize with NES TIN-positive NPCs residing in the VZ/SVZ of embryonic cerebral cortex at E13 and E15 ( Fig. 1 E) . In addition, in vitro immunofluorescence colocalization analysis showed that HIRA was coexpressed with PAX6, NES TIN, and SOX2 in cultured NPCs that were derived from E12.5 mouse brains and cultured for 48 h in proliferation medium ( Fig. 1 F) . For further study, we constructed two shRNA HIRA-targeting plasmids and an overexpression vector to silence or increase HIRA expression in NPCs, and the knockdown or overexpression efficiency was subsequently examined using Western blot ( Fig. 1 , G-J). HIRA knockdown was also confirmed by real-time PCR analysis in NPCs and N2A cells that were infected with the shRNA lentivirus ( Fig. S1 A) or transfected with the shRNA plasmids ( Fig. S1 B) . Collectively, all these data suggest HIRA may have a potential role in regulating NPCs during the embryonic cortical development.
HIRA regulates the distribution and proliferation of NPCs
Based on the expression pattern HIRA in NPCs, we gained insight into a potential role for HIRA in neurogenesis. Then, we investigated whether HIRA was involved in the regulation of NPC proliferation in vivo using in utero electroporation (IUE). HIRA shRNA or control plasmids were electroporated into E13.5 embryonic mouse brains together with a GFP expression vector, and the embryos were sacrificed at E17.5 for phenotypic analysis. The distribution of GFP-positive cells showed that HIRA knockdown caused a marked decrease of GFP-positive cells in the VZ/SVZ and a corresponding augmentation in cells within the cortical plate (CP). Additionally, GFP-positive cells in the intermediate zone were also slightly reduced after HIRA knockdown (Fig. 2, A and B ). Thus, these data reveal that HIRA knockdown results in a reduction of cells from the proliferative zone.
To further analyze the difference in GFP-positive cell positioning after HIRA knockdown, BrdU was injected into pregnant mice 2 h before the collection of embryos at E17.5. We found that HIRA defects led to a substantial reduction in GFP/ BrdU double-positive NPCs (Fig. 2 , C-E) and the mitotic index ( Fig. 2 F) in the VZ/SVZ. When the plasmids were electroporated into embryos at E15 and collected at E19, there was almost no difference in the positioning of GFP-positive cells between the control and HIRA shRNA groups, thus ruling out an effect of HIRA knockdown on cell migration (Fig. 2, G and H) . Moreover, we found that HIRA loss of function had no effect on NPC apoptosis ( Fig. S2 A) . In addition, a scrambled control shRNA was constructed. We found that there was almost no difference in the positioning of GFP-positive cells and 2-h BrdU labeling between the scrambled control shRNA and the empty control shRNA, excluding the possibility of potential off-target effects ( Fig. S2 , B-E). Overall, these data from in vivo or in vitro experiments suggest HIRA is important for maintaining NPC proliferation.
HIRA knockdown promotes cell cycle exit and neuron differentiation
Based on observations that HIRA knockdown inhibits NPC proliferation and reduced the number of GFP-positive cells in the VZ/SVZ, we raise the possibility that the NPCs may differentiate into neurons in advance. To verify this hypothesis, cell cycle exit analysis was performed. Control or HIRA shRNA plasmids were electroporated into E13.5 mouse brains, and BrdU was injected at E16.5. At E17.5, the embryonic brains were collected for immunohistochemical analysis using anti-BrdU and anti-Ki67 antibodies. We found a significant increase in the index of cell cycle exit in HIRA shRNA-treated brains (Fig. 3,  A and B ). In addition, we analyzed additional time points such as E13.5 to E15.5, E13.5 to E18.5, and E13.5 to postnatal day 1 (P1). In these experiments, BrdU was injected 24 h before mice sacrifice, and we discovered that all these BrdU + /Ki67 − labeling The bar graph displays the relative band intensity of HIRA (B), PAX6 (C), and TUJ1 (D) from embryonic day 13 to 18 (E13-E18; n = 3; mean ± SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; t test, two sided). (E) E13 and E15 embryonic brain sections were costained with anti-HIRA and anti-NES TIN antibodies (VZ/SVZ). Bars: (E15) 25 µm; (E13) 50 µm. (F) NPCs were costained with anti-HIRA, anti-NES TIN, anti-SOX2, and anti-PAX6 antibodies. NPCs were isolated from E12.5 mouse brains and cultured in proliferation medium for 1 d. Bar, 25 µm. (G and H) In vitro-cultured NPCs were infected with control or HIRA shRNA lentivirus, and HIRA protein levels were analyzed using Western blot. The empty control shRNA was used as a control (n = 3; mean ± SEM; ***, P < 0.01; t test, two sided). (I and J) Western blot analysis shows the overexpression of HIRA in NPCs. The empty overexpression vector was used as a control (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). HIRA shRNAs or control plasmids were electroporated into E13.5 embryonic mouse brains, and embryos were sacrificed at E17.5 for phenotypic analysis. The percentage of GFP-positive cells in each region was analyzed (n = 3; mean ± SEM; *, P < 0.05; **, P < 0.01; t test, two sided). Bar, 50 µm. CP, cortical plate; IZ, intermediate zone; VZ/SVZ, ventricular zone/subventricular zone. (C-E) BrdU and GFP double-positive cells are reduced in HIRA shRNA plasmidelectroporated brains. Brains were electroporated at E13.5, and 100 mg/kg BrdU was injected i.p. into pregnant mice 2 h before the collection of embryos at E17.5. The arrows indicate GFP/BrdU double-positive cells. Insets show high-magnification view of control and HIRA-shRNA group. The bar graph displays the percentage of GFP/BrdU double-positive cells relative to the total number of GFP-positive cells in the VZ/SVZ (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). Bars: (main) 25 µm; (insets) 10 µm. (F) The mitotic index of HIRA-silenced cells is decreased in utero. The percentage of PH3 and GFP double-positive cells in the ventricular zone is shown. Arrows indicate PH3 and GFP double-positive cells. Bar, 20 µm. (G and H) HIRA knockdown has no effect on cell migration. Control or HIRA shRNA plasmids were electroporated into E15 embryonic mouse brains, and embryos were sacrificed at E19 for phenotypic analysis. The percentage of GFP-positive cells in each region is shown (n = 3; mean ± SEM; t test, two sided). Bar, 50 µm.
results supported that HIRA knockdown increased the number of neural progenitors exiting the cell cycle ( Fig. S3 , A-D).
To further investigate whether the neural progenitors exit the cell cycle and prematurely differentiate into neurons, we stained the electroporated sections with neuronal markers. The results showed an obvious increase in TUJ1 + /GFP + (Fig. 3 , C and D), Map2 + /GFP + (Fig. 3 , E and F), and SATB2 + /GFP + (Fig. 3 , G and H) cells compared with control vector-treated brain.
Similarly, we used an in vitro culture system to evaluate the effect of HIRA on neurogenesis. The NPCs isolated from E12.5 brains were infected with either HIRA shRNA or control lentivirus. The cells were cultured in vitro for 3 d in differenti-ation medium. We observed an augmentation in the proportion of GFP + TUJ1 + cells relative to that of GFP + cells in the HIRA shRNA group compared with the control group (Fig. S4, A and B) . Additionally, we performed the IUE experiment in vivo using wild-type HIRA (WT-HIRA) plasmid and determined that overexpression of HIRA can rescue the distribution and proliferative defects caused by HIRA knockdown (Fig. S4 , C and D).
HIRA knockdown facilitates neural progenitor terminal mitosis
To investigate whether HIRA promotes the terminal mitosis of NPCs and then facilitates neuronal differentiation, we per- Figure 3 . HIRA loss of function facilitates cell cycle exit and neuronal differentiation. (A and B) HIRA knockdown in NPCs increases premature cell cycle exit in utero. Control or HIRA shRNA plasmids were electroporated into E13.5 mouse brains, and BrdU was injected at E16.5. At E17.5, embryonic brains were collected for immunohistochemical analysis using anti-BrdU and anti-Ki67 antibodies. The cell cycle exit index was calculated by the percentage of GFP-positive cells that exited the cell cycle (GFP + BrdU + Ki67 − ) divided by the total number of GFP and BrdU doublepositive (GFP + BrdU + ) cells. The arrows indicate GFP + BrdU + Ki67 + cells, and the arrowheads indicate GFP + BrdU + Ki67 − cells. The bar graph shows the percentage of GFP + BrdU + Ki67 − cells relative to the total number of BrdU and GFP double-positive cells in the VZ/SVZ (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). Bar, 20 µm. (C and D) HIRA knockdown increases neuronal differentiation in utero. E17.5 brain sections were stained for TUJ1 after the electroporation of control or HIRA-shRNA plasmids into the brain at E13.5. The percentage of GFP and TUJ1 double-positive cells relative to the total number of GFP-positive cells is displayed as a bar graph (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). Bar, 50 µm. (E and F) HIRA knockdown increases neuronal differentiation in utero. E17.5 brain sections were stained for Map2 after the electroporation of control or HIRA-shRNA plasmids into the brain at E13.5. The percentage of GFP and Map2 double-positive cells relative to the total number of GFP-positive cells is displayed as a bar graph (n = 3; mean ± SEM; *, P < 0.05; **, P < 0.01; t test, two sided). Bar, 50 µm. (G and H) HIRA knockdown increases specific neuronal differentiation in utero. E17.5 brain sections were stained for SATB2 after the electroporation of control or HIRA-shRNA plasmids into the brain at E13.5. The percentage of GFP and SATB2 double-positive cells relative to the total number of GFP-positive cells is displayed as a bar graph (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). Bar, 50 µm. formed a BrdU birthdating experiment according to a reported protocol (Duque and Rakic, 2011) . As exhibited in the schematic diagram, control or HIRA shRNA plasmids were electroporated into embryonic mouse brains at E13.5, and 24 h later, BrdU was injected at E14.5. Then, the electroporated embryonic brains were collected for the analysis of terminal mitosis at E18.5 ( Fig. 4 A) . Because BrdU only labels cells that are in the S phase of mitosis and will be diluted with every cell cycle in continuously replicating NPCs, only the cells that are in their final mitotic division when BrdU is injected become firmly labeled and differentiate into neurons in the cortical plate. Subsequently, to detect BrdU labeling, we used an anti-BrdU antibody and observed an obvious increase in the proportion of GFP + BrdU + cells relative to that of GFP + cells in the HIRA shRNA-treated group compared with the control group, indicating that HIRA knockdown promotes NPC terminal mitosis and thereby increases neural differentiation (Fig. 4 , B and C). In addition, we extracted protein from NPCs that were cultured for 3 d after infection with either HIRA shRNA or control lentivirus and performed Western blot experiments. We determined that the expression of proliferation markers such as PAX6 and SOX2 were significantly decreased in the HIRA shRNA group. On the contrary, the expression of TUJ1 (a marker of differentiation) was markedly increased in the HIRA shRNA group compared with the control group ( Fig. 4 , D-F).
HIRA regulates β-catenin levels, and β-catenin rescues the HIRA knockdowninduced phenotype
To further investigate the mechanism by which HIRA influences NPC proliferation, we test the relative mRNA levels of several markers related to proliferation through RT-PCR. We found that β-catenin mRNA levels were reduced by 50% in HIRA shRNA-1-expressing cells and by 60% in HIRA shRNA-2expressing cells, whereas the levels of other markers, such as Yap1, cyclin D1, Rest, Pax6, Sox1, Mcm2, Foxg1, and SOX2, were not obviously altered by HIRA knockdown (Fig. 5 A) , suggesting that β-catenin may be associated with HIRA. On the protein level, Western blot results showed that HIRA knockdown significantly decreased β-catenin levels, which was consistent with the RT-PCR results. If HIRA is vital for β-catenin expression, one might forecast that the transcriptional targets of βcatenin may be reduced by HIRA loss of function. Axin2 (Leung et al., 2002) is a well-established β-catenin transcription target. We observed that Axin2 was decreased after HIRA knockdown (Fig. 5 , B and C). We further assessed the effect of HIRA gain of function on total β-catenin levels. Conversely, the overexpression of WT-HIRA enhanced PAX6 levels, reduced TUJ1 levels, and increased total β-catenin levels in primary NPCs (Fig. 5 , D and E). In the embryonic cerebral cortex, we observed that β-catenin was enriched in NES TIN-positive neural progenitors residing in the VZ/SVZ at E13 and E15 ( Fig. 5 F) . In cultured NPCs, β-catenin was robustly expressed in NES TIN-, SOX2-, and PAX6-positive cells ( Fig. S5 A) . Furthermore, we used two previously characterized shRNAs (Mao et al., 2009 ) that target endogenous β-catenin, and their knockdown efficiency was confirmed though Western blot analysis (Fig. 5, G and H) . When transfected or infected with these shRNAs in vitro, HIRA immunostaining was decreased in both N2A cells and primary NPCs (Fig. S5 , B and C). Next, using the two β-catenin shRNAs, the E13.5-17.5 IUE experiment was performed. Similarly, β-catenin knockdown changed the cell distribution in the cerebral cortex, (B and C) Control or HIRA shRNA plasmids were electroporated into embryonic mouse brains at E13.5, and BrdU was injected at E14.5. Then, the electroporated embryonic brains were collected for immunohistochemical analysis using an anti-BrdU antibody at E18.5. The arrows indicate BrdU and GFP double-positive cells. Insets show high-magnification views. Bars: (main) 25 µm; (insets) 10 µm for. The bar graph exhibits the percentage of GFP and BrdU double-positive cells relative to the total number of GFP-positive cells in the CP (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). (D-F) The protein levels of PAX6, SOX2, and TUJ1 were determined by Western blot analysis in mouse NPCs after the infection of control or HIRA-shRNA lentivirus. β-actin was used as a control. The bar graphs show the relative band intensity of PAX6 (E) and TUJ1 (F) in mouse NPCs (n = 3; mean ± SEM; **, P < 0.01; t test, two sided).
increased the percentage of GFP-positive cells in the CP, and reduced the number of GFP-positive cells in the VZ/SVZ (Fig. 5 , I and J). β-Catenin knockdown also increased the number of TUJ1 + /GFP + cells (Fig. 6, A and B ) and facilitated neural progenitor terminal mitosis (Fig. 6, C and D) , which recapitulated the phenotype of HIRA knockdown.
To decipher the relationship between HIRA and βcatenin in embryonic development, a rescue experiment was conducted. We found that β-catenin overexpression rescued the distribution and proliferative defects caused by HIRA knockdown in vivo (Fig. 6 , E and F). Increased β-catenin levels rescued the TUJ1 + /GFP + cells caused by HIRA knockdown in primary NPCs in vitro (Fig. 6, G and H) . Together, these data suggest that HIRA controls progenitor cell proliferation by modulating β-catenin levels.
HIRA N-terminal domain can rescue the change in the distribution and proliferation of NPCs caused by HIRA knockdown
To narrow down the functional domain of HIRA, we generated three Flag-tagged segments, which included 1-401 aa (N-terminal residues), 402-703 aa (middle residues), and 704-1,019 aa (C-terminal residues; Fig. 7 A) . We found that the decrease in β-catenin levels caused by HIRA knockdown was rescued by the coinfection of HIRA-segment 1 into NPCs (Fig. 7 , B and C). Next, to further examine the function of each segment in vivo, an IUE experiment was conducted at E13.5-E17.5. Coelectroporation of HIRA-segment 1 with HIRA-sh2 could successfully rescue the cell distribution or TUJ1 + /GFP + cell proportion changes caused by HIRA knockdown, but coelectroporation with HIRA-Seg2 or HIRA-Seg3 with HIRA-shRNA-2 did not appear to change the HIRA-knockdown phenotype (Fig. 7 , D-G). Given that increased β-catenin levels rescue the distribution and proliferative defects caused by HIRA knockdown, we gained insight into the mechanism by which HIRA affects β-catenin levels and regulates NPC proliferation. A chromatin immunoprecipitation (ChIP) assay was performed, and the results showed that when full-length Flag-HIRA was overexpressed (samples were pulled down by the anti-Flag antibody), the amount of HIRA that bound to −0.5 kb of the β-catenin promoter was markedly increased more than fourfold, and the increase was gradually reduced as the distance away from the transcriptional start site increased. In addition, the detection of HIRA bound to the CDS of β-catenin was selected as a negative control ( Fig. 7 H) . Meanwhile, the binding of HIRA to other proliferative genes of PAX6 and SOX2 were examined. ChIP-qPCR results showed that overexpression of Flag-HIRA (samples were pulled down by the anti-Flag antibody) resulted in some binding to PAX6 promoter and almost no binding to the SOX2 promoter ( Fig. S5 D) . Obviously, the binding of HIRA to the β-catenin promoter was the strongest. To further understand the segmental function of HIRA, we conducted more ChIP assays using Flag-tagged segment 1 (Seg1), segment 2 (Seg2), and segment 3 (Seg3). The results showed that when HIRA-Seg1 was overexpressed, the amount of HIRA that bound to −0.5 kb of the β-catenin promoter was the largest compared with HIRA-Seg2 and HIRA-Seg3 ( Fig. 7 I) , revealing that HIRA-Seg1 possesses the most potent activity. All these results reveal that HIRA binds to the β-catenin promoter to activate its expression and that segment 1 is the functional domain of HIRA, which plays an important role in modulating the proliferation of NPCs.
Reduced H3K4me3 inhibits β-catenin expression when HIRA is knocked down
To further decipher how HIRA activates β-catenin expression, we detected the expression levels of several histone protein markers, such as H3k27me3, H3K4me3, H3k36me3, and H4k16ac, by Western blot analysis. Only H3K4me3 was significantly reduced when HIRA was knocked down, and conversely, the overexpression of HIRA increased H3K4me3 levels, suggesting that H3K4me3 is associated with HIRA ( Fig. 8, A-D) . Previous studies have established that histone H3 lysine 4 trimethylation (H3K4me3) is frequently regarded as a mark of actively transcribed promoters (Barski et al., 2007; Guenther et al., 2007) . Thus, we predicted that reduced H3K4me3 attenuates β-catenin expression via the inhibition of transcription when HIRA is silenced. Immunofluorescence colocalization analysis revealed that H3K4me3 was colocalized with HIRA in NPCs, indicating that they may work together in regulating the β-catenin pathway (Fig. 8 E) . Additionally, we performed a gradient test regarding the amount of transfected HIRA-sh2. The results showed that along with the reduction of transfected HIRA-sh2, the expression of H3K4me3 and the total β-catenin levels were gradually decreased, confirming the effect of HIRA loss of function on H3K4me3 and total β-catenin levels. The levels of proliferation markers such as PAX6, PCNA, and SOX2 were decreased, and the expression of TUJ1 was significantly increased, further proving the proliferative defect caused by HIRA knockdown (Fig. 8, F and G) . Collectively, these data indicate that reduced H3K4me3 inhibits β-catenin expression by HIRA knockdown.
HIRA increases the recruitment of the H3K4 trimethyltransferase Setd1A, promotes β-catenin expression, and further
enhances NPC proliferation
For further analyses, we sought out the effect of H3K4 trimethyltransferase Setd1A. Interestingly, previous studies have reported that Setd1A loss of function is associated with developmental disorders and schizophrenia (Takata et al., 2014; Singh et al., 2016) . Thus, we created two shRNAs that efficiently silenced Setd1A expression ( Fig. S6 A) and a Setd1A-HA vector that overexpressed Setd1A (Fig. S6 B) . In vivo IUE results showed that Setd1A knockdown increased the percentage of GFPpositive cells in the CP and decreased BrdU labeling ( Fig. 9 , A-C; and Fig. S6 E) . We also found a significant increase in the proportion of GFP + TUJ1 + cells relative to that of GFP + cells in Setd1A-sh2-treated brains compared with controls ( Fig. S6, C  and D) . Additionally, we verified that Setd1A overexpression increased the expression level of H3K4me3, and conversely, when Setd1A was down-regulated, the expression level of H3K4me3 was reduced (Fig. S6 F) . To determine whether HIRA works with Setd1A in modulating the proliferation of NPCs, we performed Western blot analysis. When HIRA and Setd1A lentivirus were coinfected into NPCs, the proliferative tendency was more obviously increased and the expression of TUJ1 was decreased, supporting the notion that HIRA functions together with Setd1A in regulating β-catenin-mediated proliferation (Fig. 9, D and E) . To further decipher the cooperative actions of HIRA and Setd1A, we performed a co-ChIP assay. In this experiment, HIRA-Flag and Setd1A-HA lentiviruses were delivered into NPCs and ChIP was performed by anti-Flag antibody. The amount of HIRA that bound to the −0.5 kb region of the β-catenin promoter was increased in the coinfection group compared with HIRA or Setd1A alone, demonstrating that HIRA can cooperate with The bar graph shows the relative band intensity of total β-catenin. β-Actin was used as a loading control (n = 3; mean ± SEM; *, P < 0.05; **, P < 0.01; t test, two sided). (D and E) Western blot analysis of the protein levels of total β-catenin, PAX6, and TUJ1 in HIRA-overexpressing NPCs. The empty control expression vector was used as a control. The bar graph shows the relative band intensity of total β-catenin. β-Actin was used as a loading control (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). (F) E13 and E15 embryonic brain sections were costained with anti-β-catenin and anti-NES TIN antibodies (VZ/SVZ). Bars: (E15) 25 µm; (E13) 50 µm. (G and H) Cultured NPCs were infected with control or β-catenin shRNA lentivirus, and total β-catenin protein levels were then analyzed using Western blot. The empty control shRNA was used as a control. The bar graph shows the relative band intensity of total β-catenin. β-Actin was used as a loading control (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). (I and J) β-Catenin knockdown leads to changes in GFP-positive cell distribution in the cortex. β-Catenin shRNA or control plasmids were electroporated into E13.5 embryonic mouse brains, and embryos were sacrificed at E17.5 for phenotypic analysis. The percentage of GFP-positive cells in each region is shown (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). Bar, 50 µm.
Setd1A to enhance binding to the −0.5 kb region of the β-catenin promoter ( Fig. 9 F) . For a more detailed study, we additionally conducted the co-ChIP experiment using segmental HIRA. The results indicated that HIRA-Seg1 has the most noticeable effect on β-catenin promoter binding ( Fig. 9 G) . Meanwhile, when Setd1A-HA was overexpressed together with Flag-HIRA-Seg1, Seg2, or Seg3 and the samples were pulled down by the anti-HA antibody, the amount of Setd1A that bound to the −0.5 kb region of the β-catenin promoter was increased in the presence of HIRA-Seg1, but not HIRA-Seg2 or Seg3 (Fig. S6 I) . To determine whether HIRA and Setd1A directly interact with each other, we create Flag-tagged HIRA and performed an in vitro association experiment using HA-tagged Setd1A. The coimmunoprecipitation experiment showed that HIRA and Setd1A can be immunoprecipitated together (Fig. 9, H and I) . To confirm the relationship between HIRA and Setd1A, Western blot analysis was performed to detect β-catenin expression in neural progenitors. We found that Setd1A can rescue decreased β-catenin expression levels by HIRA knockdown. Further, knockdown by both HIRA and Setd1A reduced more β-catenin expression levels compared with HIRA or Setd1A alone (Fig. 10, A and  B) . To test which segment of HIRA physically interacts with Setd1A, we performed coimmunoprecipitation experiments using HIRA-Seg1, Seg2, or Seg3. The results showed that all Figure 6 . Overexpression of β-catenin rescues the HIRA knockdown-induced phenotype. (A and B) β-Catenin knockdown increases neuronal differentiation in utero. E17.5 brain sections were stained for anti-TUJ1 antibody after the electroporation of control or β-catenin shRNA plasmids into the brain at E13.5. The percentage of GFP and TUJ1 double-positive cells relative to the total number of GFP-positive cells is displayed as a bar graph (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). Bar, 50 µm. (C and D) β-Catenin knockdown promotes NPC terminal mitosis. Control or βcatenin shRNA plasmids were electroporated into embryonic mouse brains at E13.5, and BrdU was injected at E14.5. Then, the electroporated embryonic brains were collected for immunohistochemical analysis using an anti-BrdU antibody at E18.5. The arrows indicate BrdU and GFP double-positive cells. Insets show high-magnification views. The bar graph shows the percentage of GFP and BrdU double-positive cells relative to the total number of GFP-positive cells in the CP (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). Bars: (main) 25 µm; (insets) 10 µm. (E and F) β-Catenin rescue the positioning defects caused by HIRA knockdown in vivo. Control, WT-β-catenin, or HIRA shRNA together with WT-β-catenin plasmids were electroporated into E13.5 embryonic mouse brains, and embryos were sacrificed at E17.5 for phenotypic analysis. The percentage of GFP-positive cells in each region is exhibited (n = 3; mean ± SEM; **, P < 0.01; NS, not significant; t test, two sided). Bar, 50 µm. (G and H) β-Catenin rescues the proliferative defects caused by HIRA loss of function in vitro. NPCs were isolated from E12.5 embryonic mouse brains and cultured for 1 d. Subsequently, NPCs were infected with control, HIRA shRNA, β-catenin overexpression, or HIRA shRNA together with β-catenin overexpression lentivirus.The arrows show some GFP-positive cells. The percentage of TUJ1and GFP double-positive cells divided by the total number of GFP-positive cells is shown as a bar graph (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). Bar, 25 µm. NPCs were isolated from E12.5 embryonic mouse brains and cultured for 24 h. Subsequently, NPCs were infected with lentiviruses of control, HIRA-sh2, HIRA-sh2 together with WT-HIRA, HIRA-sh2 together with HIRA Seg1, HIRA-sh2 together with Seg2, or HIRA-sh2 together with Seg3. The bar graph shows the Western blot analysis of total β-catenin protein levels (n = 3; mean ± SEM; **, P < 0.01; t test two-sided). (D and E) HIRA segment 1 can rescue the changes in NPC distribution caused by HIRA knockdown in vivo. HIRA-sh2 together with HIRA Seg1 or HIRA-sh2 together with Seg2 or Seg3 plasmids were electroporated into E13.5 embryonic mouse brains, and the embryos were sacrificed at E17.5 for phenotypic analysis. The percentage of GFP-positive cells in each region is exhibited (n = 3; mean ± SEM; *, P < 0.05; **, P < 0.01; t test, two sided). Bar, 50 µm. (F and G) HIRA segment 1 can rescue the proliferative defects caused by HIRA knockdown in utero. E17.5 brain sections were stained for TUJ1 after the electroporation of HIRA-sh2 together with Seg1 plasmids or HIRA-sh2 together with Seg2 or seg3 plasmids into the brain at E13.5. The percentage of GFP and TUJ1 double-positive cells relative to the total number of GFP-positive cells is displayed as a bar graph (n = 3; mean ± SEM; **, P < 0.01; t test two-sided). Bar, 50 µm. (H) HIRA regulates β-catenin levels by binding to the β-catenin promoter. Primary NPCs cultured in vitro were transfected with control or HIRA overexpression lentiviruses. The binding of HIRA to the β-catenin promoter was determined through ChIP and real-time PCR (n = 3; mean ± SEM). (I) HIRA-Seg1 modulates β-catenin expression by binding to the β-catenin promoter. Primary NPCs cultured in vitro were infected with the control, HIRA-Seg1, HIRA-Seg2, or HIRA-Seg3 overexpression lentiviruses. The binding of HIRA to the β-catenin promoter was determined through ChIP and real-time PCR (n = 3; mean ± SEM). IZ, intermediate zone.
three segments could interact with Setd1A, but seg1 has a little more interaction (Fig. 10 C) . Through Western blot analysis, we found that when Setd1A was knocked down, the expression levels of PAX6, SOX2, and β-catenin were reduced ( Fig. 10 D) , which was consistent with the results of Setd1A knockdown in vivo. To confirm whether H3K4me3 deposition at the βcatenin locus changes upon HIRA overexpression or knockdown, we performed a ChIP-qPCR assay. The results showed that when HIRA was overexpressed and pulled down by the anti-H3K4me3 antibody, the amount of H3K4me3 that bound to −0.5 kb of the β-catenin promoter was markedly increased (more than threefold), and the increase was gradually reduced as the distance from the transcriptional start site increased. Meanwhile, when HIRA was knocked down, the amount of H3K4me3 that bound to −0.5 kb and −1 kb of the β-catenin promoter was significantly reduced (Fig. 10 E) , suggesting that HIRA is involved in regulation of H3K4me3 levels. The coimmunoprecipitation results also showed that when both HIRA-Flag and Setd1A-HA were coexpressed, the amount of total β-catenin and H3K4me3 that was pulled down by HIRA-Flag was prominently increased (Fig. 10 F) . By comparison, H3K4me3 showed some binding to the PAX6 promoter and almost no binding to the SOX2 promoter when the samples were pulled down by the anti-H3K4me3 antibody (Fig. S6 G) . To provide mechanistic insights on the potential interaction between HIRA and β-catenin, we performed a coimmunoprecipitation assay and found that there was no interaction between HIRA and β-catenin on the protein level (Fig. S6 H) . All the expression levels related to the ChIP-qPCR experiments that are in the main figures are listed in Fig. S7 . Collectively, these results suggest that HIRA increases The empty control shRNA was used as a control. The bar graph shows the relative band intensity of H3K4me3. β-Actin was used as a loading control (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). (C and D) Western blot analysis of the protein levels of H3K4me3 in HIRA-overexpressing NPCs. The control expression vector was used as a control. The bar graph shows the relative band intensity of H3K4me3. β-Actin was used as a loading control (n = 3; mean ± SEM; *, P < 0.05; t test, two sided). (E) H3K4me3 and HIRA colocalize in NPCs. Cultured NPCs were costained with anti-H3K4me3 and anti-HIRA antibodies. Bar, 25 µm. (F and G) Western blot analysis of the protein levels of total β-catenin, H3K4me3, PAX6, TUJ1, SOX2, and PCNA with gradually increasing transfection amounts of HIRA-sh2 (0 µg, 0.5 µg, and 1.5 µg). The bar graph shows the relative band intensity of total β-catenin, H3K4me3, TUJ1, and PAX6. β-Actin was used as a loading control (n = 3; mean ± SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; t test, two sided).
the recruitment of the H3K4me3 trimethyltransferase Setd1A, promotes β-catenin expression, and further enhances NPC proliferation ( Fig. 10 G) .
Discussion
Recent studies have shown that epigenetic regulation is involved in many biological processes (Reik, 2007; Gregoire et al., 2016; Stratton and McKinsey, 2016) . HIRA, a histone chaperone, has also been regarded as a DGS-associated gene (Farrell et al., 1999) . Generally, DGS patients share some common characteristics, such as cognitive impairment, and have an increased risk of schizophrenia, which is often caused by defects during neurodevelopment (Bassett et al., 2003) . However, there is no direct evidence that proves whether or how HIRA affects brain development. Neurogenesis is a complicated process that is heavily regulated by a diverse array of extracellular and intracellular activities and factors. Here, we demonstrate that HIRA is required for NPC proliferation and provide multiple lines of evidence indicating an essential role for HIRA in maintaining a pool of progenitor cells during embryonic brain development.
Our results may provide a new understanding of epigenetic regulation, which contributes to normal brain development and disease pathophysiology.
Previous studies have shown that HIRA is widely expressed at various stages of mouse embryo (Wilming et al., 1997) . We also observe that HIRA is abundant in NPCs and that its expression peaks at E15, during the period of neurogenesis (Qian et al., 2000) . Thus, this finding indicates that HIRA may play an essential role during early neocortical development. Subsequent studies have shown that HIRA-mediated histone deposition is associated with neuronal plasticity and cognition in both embryonic and adult brains (Maze et al., 2015) . In our study, the results suggest that HIRA is essential for normal cortical development in the embryonic brain. We find that HIRA loss of function leads to proliferation defects, including a rapid reduction of the NPC pool and an increase in the differentiation of NPCs. Our data show that HIRA knockdown increases terminal mitosis of premature NPCs and changes the neuronal morphology to a more abundant state. We also checked the cell migration by electroporating embryonic brain at E15 and collecting brain at E19 and found no difference when HIRA is knockdown. However, E15 is another initial time point for astrocyte differentiation, and more studies will be performed in the future to investigate whether HIRA affects astrocyte differentiation.
To further decipher the mechanisms underlying the phenotype caused by HIRA knockdown, we performed RT-PCR analysis and found that the expression of β-catenin was significantly reduced when HIRA was silenced. β-Catenin is a core downstream effector of the canonical Wnt signaling pathway, which plays important roles in numerous cellular activities, including cell proliferation and cell fate decisions (Niehrs, 2012; Clevers et al., 2014) . It has been reported that β-catenin is involved in the regulation of NPC expansion and the maintenance of stemness in NPCs (Zechner et al., 2003) . In our study, we observe that β-catenin is enriched in the VZ/SVZ and colocalizes with NES TIN, which has been identified as an NPC marker (Wiese et al., 2004) . Electroporation of β-catenin shRNAs at E13-E17 tended to inhibit progenitor self-renewal, which is similar to the effect observed after HIRA knockdown. When HIRA was divided into three Flag-tagged segments, HIRA-seg1 containing the WD40 domain had an effect on NPCs similar to full-length HIRA. This is consistent with the functional description of WDR62, which has been previously reported .
Subsequently, we investigated the potential mechanism on the transcriptional level to illuminate how HIRA activates the expression of β-catenin. Thus, we detected changes in the expression of several histone markers when HIRA was silenced. H3K4me3 is traditionally identified as a histone marker that mainly surrounds the transcription initiation site of active genes (Shen et al., 2015a) , and we observed that only the level of H3K4me3 was obviously reduced when HIRA was knocked down, raising the possibility that HIRA enhances the expression of β-catenin through increased H3K4me3 expression. ChIP analysis has been widely used to explore the interaction between DNA and protein in cells (Collas, 2010) . Therefore, we performed a ChIP analysis and confirmed that HIRA could bind to the promoter of β-catenin. It has been reported that the H3K4 trimethyltransferase Setd1A participates in the regulation of cell cycle progression (Tajima et al., 2015) , and its loss of function increases the risk of schizophrenia and developmental disorders (Takata et al., 2014; Singh et al., 2016) . However, its role in NPCs and in schizophrenia pathogenesis remains unknown. Surprisingly, in our study, we demonstrated that Setd1A knockdown changes cell distribution and inhibits NPC proliferation, which is reminiscent of the phenotype observed after HIRA knockdown. This finding may explain the high risk of schizophrenia associated with Setd1A loss of function. Coimmunoprecipitation is a powerful experimental technique that is usually applied to analyze protein-protein interactions in many researches (Lin et al., 2016) . Here, we performed coimmunoprecipitaion analysis and confirmed the interaction between HIRA and Setd1A. Meanwhile, when HIRA and Sed1A are simultaneously overexpressed, the relative amount of bound β-catenin promoter is increased. These data illustrated that HIRA and Setd1A interact with each other and can cooperatively function in modulating NPC proliferation. However, whether the mutations in H3K4me3 disturb the function of HIRA and Setd1A requires further investigation.
In summary, this study uncovers an essential role of HIRA in modulating the β-catenin pathway during neurogenesis and normal neurodevelopment. HIRA knockdown may disturb the balance between NPC proliferation and differentiation, ultimately resulting in developmental disorders. These results provide a new understanding of the novel function of epigenetic regulation in early cortical development and provide farreaching implications for diseases and neurobiology.
Materials and methods
Animals
Pregnant ICR mice were purchased from Charles River. All animal studies were performed in accordance with standard experimental protocols, and all procedures involving mice were approved by the Care and Use of Animals Committee of the Institute of Zoology at the Chinese Academy of Sciences.
Plasmid constructs
The oligonucleotides that target HIRA, β-catenin, and Setd1A were cloned into the lentiviral vector pSicoR-GFP (Addgene). The shRNA sequences that targeted HIRA were HIRA-sh1, 5′-CCA GCT TTC CAC AGC TGT TAT-3′ (Dutta et al., 2010) , and HIRA-sh2, 5′-CTC AAG Figure 9 . The H3K4 trimethyltransferase Setd1A can cooperate with HIRA to modulate NPC proliferation. (A and B) Setd1A knockdown leads to changes in NPC distributions that are similar to that observed after HIRA loss of function. Setd1A-sh1 or control plasmids were electroporated into E13.5 embryonic mouse brains, and embryos were sacrificed at E17.5 for phenotypic analysis. The percentage of GFP-positive cells in each region is analyzed (n = 3; mean ± SEM; **, P < 0.01; t test, two sided). Bar, 50 µm. (C) BrdU and GFP double-positive cells are reduced in Setd1A-sh1 plasmid-electroporated brains. The brains were electroporated at E13.5, and BrdU (100 mg/kg i.p.) was injected into pregnant mice 2 h before the collection of embryos at E17.5. The arrows indicate GFP/BrdU double-positive cells. Bar, 25 µm. (D and E) Setd1A functions together with HIRA to modulate NPC proliferation in vitro. Cultured NPCs were infected with control vector, HIRA vector, Setd1A vector, or HIRA vector together with Setd1A vector, and the protein levels of PAX6, TUJ1, and SOX2 were analyzed using Western blot. The empty control expression vector was used as a control. The bar graph shows the relative band intensity of PAX6 and TUJ1. β-Actin was used as a loading control (n = 3; mean ± SEM; *, P < 0.05; **, P < 0.01; t test, two sided). (F) HIRA and Setd1A function together regulate β-catenin levels by binding to the β-catenin promoter. Primary NPCs were infected with control, HIRA overexpression, Setd1A overexpression, and HIRA together with Setd1A overexpression lentiviruses. HIRA and Setd1A binding to the β-catenin promoter was determined using ChIP and real-time PCR (n = 3; mean ± SEM). (G) HIRA-Segment 1 and Setd1A collectively modulates β-catenin levels by binding to the β-catenin promoter. Primary NPCs were infected with HIRA-Seg1-Flag, HIRA-Seg2-Flag, or HIRA-Seg3-Flag together with Setd1A-HA co-overexpression lentiviruses, and the anti-Flag CTG ATG ATC GAA GTT-3′ (Yang et al., 2011) . The shRNAs that targeted β-catenin were β-catenin-sh1, 5′-CTG ATA TTG ACG GGC AGT AT-3′ (Mao et al., 2009) , and β-catenin-sh2, 5′-CCC AAG CCT TAG TAA ACA TAA-3′ (Mao et al., 2009) . The shRNAs that targeted Setd1A were Setd1A-sh1, 5′-TGC CCA AAC ACC CTC TTA ATT-3′, and Set-d1A-sh2, 5′-CGG CGG TTA CTA AGC GCT ATT-3′.
Full-length mouse HIRA cDNA and mouse β-catenin cDNA were obtained by PCR and subcloned into the PCDH (CD511B-1; System Biosciences) lentiviral vector to generate Flag-tagged WT expression vectors. Similarly, mouse Setd1A cDNA was amplified by PCR and cloned into an HA-tagged PCDH lentiviral vector.
Three different segments (1-401 aa, 402-703 aa, and 704-1,019 aa) from mouse HIRA cDNA were amplified by PCR and cloned into the PCDH lentiviral vector to generate constructs.
Cell culture and lentivirus packaging
HEK293FT and N2A cells were maintained in DMEM containing 10% FBS, nonessential amino acids, and penicillin/streptomycin in a 37°C incubator with 5% CO 2 .
To produce the lentivirus, the plasmid constructs were transfected into 293FT cells by GenEscortI (Nanjing Wisegen Biotechnology). After 8 h, the medium was changed to DMEM containing 10% FBS and nonessential amino acids. The lentivirus was collected at 24, 48, and 72 h after changing the medium. The primary NPCs for immunofluorescence and Western blot were isolated from E12.5 mouse brains and seeded onto 24-well or 6-well plates, which were coated with 10 µg/ml poly-d-Lysine (Sigma-Aldrich) and 10 µg/ml Laminin (Invitrogen) in proliferation medium, which consisted of 50% neural basal medium (Invitrogen), 50% DMEM/F12 (Invitrogen), 10 ng/ml basic FGF (Invitrogen), 10 ng/ml EGF, 2% B27 (without VA), and 1% penicillin/streptomycin. After 12 h, half of the proliferation medium (without penicillin/streptomycin) was changed. Subsequently, the cells were infected with the aforementioned lentiviruses for 8 h, and 2 µg/ml polybrene was added to improve the infection efficiency. After 12 h, the medium was replaced with differentiation medium consisting of low-glucose DMEM (Gibco), 1% FBS (Invitrogen), and 2% B27 (with VA).
Immunostaining
In vitro cell cultures or brain sections were fixed in 4% PFA/PBS for 30 min, washed with PBS three times, and then blocked in 5% BSA/PBS containing 1% Triton X-100 for 1 h. The primary antibody was incubated at 4°C overnight. The next day, sections were washed with PBS three times, and the sections were incubated with secondary antibodies for ∼2 h at RT. For BrdU labeling, sections were treated with 1 M HCl for 10 min at 4°C and 2 M HCl for 10 min at RT and then incubated at 37°C for 20 min. After three washes, the sections were stained with 2 µg/ml DAPI, washed thrice in PBS, and then visualized using the fluorescence-labeled secondary antibodies.
The following primary antibodies were used: mouse anti-HIRA (1:200, 39557; Active Motif), mouse anti-NES TIN (1:200, MAB353; EMD Millipore), mouse anti-SOX2 (1:500; R&D Systems), rabbit anti-TUJ1 (1:1,000, T2200; Sigma-Aldrich), rabbit anti-PAX6 (1:1,000; EMD Millipore), rat anti-BrdU (1:1,000, ab6362; Abcam), rabbit monoclonal anti-Ki67 (1:1,000; Abcam), rabbit anti-phospho-histone H3 (1:500; Cell Signaling Technology), and rabbit anti-total β-catenin (1:1,000, 8480; Cell Signaling Technology).
The secondary antibodies (fluorochromes) used were Cy3 donkey anti-mouse IgG, Cy3 donkey anti-rabbit IgG, Cy5 donkey anti-mouse IgG, and Cy5 donkey anti-rabbit IgG (1:1,000; Jackson ImmunoResearch Laboratories, Inc.).
All confocal images were acquired with the LSM 780 microscope (ZEI SS) at RT using a photomultiplier tube detector. The type/ magnification/numerical aperture of the objective lenses are Plan-Apochromat 10/0.45, Plan-Apochromat 20/0.8, or Plan-Apochromat 40/1.3 oil; 50% glycerin was applied as imaging medium. The software for image acquisition and processing was ZEN 2010.
Layer definition of the cerebral cortex
There are two main criteria used to identify the boundaries of the cerebral cortex: cell density (visualized with DAPI nuclear staining) and neuronal marker (TUJ1 staining). CP has strong TUJ1 staining and high cell density, the intermediate zone has strong staining of TUJ1 and low cell density, and the VZ/SVZ has faint TUJ1 staining and high cell density (Nguyen et al., 2006) .
IUE
E13.5 pregnant ICR mice were deeply anesthetized with 70 mg/kg pentobarbital sodium, and the uterine horns were carefully exposed. Then, 1,500 ng/µl of the overexpression or knockdown plasmid with an enhanced GFP plasmid at a ratio of 3:1 was used. Meanwhile, 0.05% fast green (Sigma-Aldrich) was added as a tracer. Next, using glass capillaries, the mixture of DNA solution (∼1.5 µl/2 µg) was microinjected into the lateral ventricle of the fetal brain. Using platinum electrodes and an electroporator (Manual BTX ECM830) at intervals of 950 ms, five electric pulses of 40 V for 50 ms were performed across the heads of the embryos. After electroporation, the embryos/offspring were sacrificed at E17.5, E19, P2, or P15, and brains were collected for phenotypic analysis. Brains were fixed with 4% PFA at 4°C overnight and then dehydrated in 30% sucrose.
Western blotting
In vitro cultured cells or mouse brain cortical tissue was lysed with RIPA lysis buffer (Solarbio) supplemented with a protease inhibitor cocktail (Sigma-Aldrich) and 10 mM PMSF, and they were centrifuged at 12,000 rpm (4°C) for 10 min to remove cell debris. The concentration of protein was measured using the BCA Protein Assay kit (Thermo Fisher Scientific). Subsequently, equal amounts of protein (in 4× loading buffer) were loaded onto 10% SDS-PAGE gels and transferred to nitrocellulose membranes using the semidry electrophoretic transfer method (Bio-Rad Laboratories). After blocking in 5% skim milk in PBS-T (PBS with 0.05% Tween-20) for 1 h at RT, membranes were incubated with primary antibody at 4°C overnight. To visualize the bands, secondary antibodies were used. Next, the membranes were scanned using the Odyssey Infrared Imaging System. The primary antibodies used for Western blot were mouse anti-HIRA (1:200; 39557; Active Motif), rabbit anti-PAX6 (1:1,000; AB2237; EMD Millipore), mouse anti-TUJ1 (1:1,000; MAB1637; EMD Millipore), rabbit anti-PCNA (1:500; sc7907; Santa Cruz Biotechnology, Inc.), rabbit anti-total β-catenin (1:1,000, 8480; Cell Signaling Technology), rabbit anti-SOX2 (1:1,000; 3579; Cell Signaling Technology), rabbit anti-H3K4me3 (1:1,000; 07-473; EMD Millipore), rabbit anti-Flag (1:1,000; 7425; Sigma-Aldrich), and rabbit anti-IgG (1:1,000; BS0295; Bioss). antibody was used for immunoprecipitation. Protein binding to the β-catenin promoter was determined through ChIP and real-time PCR (n = 3; mean ± SEM). (H and I) HIRA and Setd1A can be immunoprecipitated together. The immunoprecipitated proteins were probed with anti-HA antibodies to detect HA-Setd1A and anti-Flag antibodies to detect Flag-HIRA. N2A cells were used in this experiment (n = 3). WB, Western blot. A and B) Western blot analysis of total β-catenin protein levels in NPCs infected with control, Setd1A-sh1 together with HIRA, HIRA-sh2 together with Setd1A, or HIRA-sh2 together with Setd1A-sh1 lentiviruses. The bar graph shows the relative band intensity of total β-catenin. β-Actin was used as a loading control (n = 3; mean ± SEM; **, P < 0.01; NS, not significant; t test, two sided). (C) HIRA segment 1, 2, or 3 all interact with Setd1A. The immunoprecipitated proteins were probed with anti-HA antibodies to detect HA-Setd1A and anti-Flag antibodies to detect Flag-HIRA-segment 1, 2, or 3. N2A cells were used in this experiment (n = 3). (D) Western blot analysis of the protein levels of PAX6, SOX2, and β-catenin in cultured NPCs infected with control or Setd1A-sh1 lentiviruses. β-Actin was used as a loading control (n = 3). (E) H3K4me3 deposition was increased at the β-catenin locus upon HIRA overexpression and was reduced at the β-catenin locus upon HIRA down-regulation. The anti-H3K4me3 antibody was used for immunoprecipitation (IP). The binding of H3K4me3 to the β-catenin promoter was determined through ChIP and real-time PCR (n = 3; mean ± SEM). (F) The expression levels of total β-catenin and H3K4me3 were increased in the anti-Flag antibody immunoprecipitated proteins when HIRA and Setd1A were coexpressed. N2A cells were used in this experiment (n = 3). (G) Model of HIRA function in neurogenesis during the embryonic development of the neocortex. HIRA inhibits neurogenesis by recruiting the H3K4 trimethyltransferase Setd1A to the β-catenin promoter. An increase of H3K4me3 expression promotes β-catenin expression and further enhances RGC proliferation. KD, knockdown; RG, retinal ganglion; WB, Western blot.
The secondary antibodies used were 680LT donkey anti-rabbit IgG, 680LT donkey anti-mouse IgG, 800CW donkey anti-rabbit IgG, and 800CW donkey anti-mouse IgG (Odyssey).
Real-time PCR
Total RNA was extracted with TRIzol (15596; Invitrogen), and cDNA was generated from 2 µg RNA using the Fast Quant RT kit (TIA NGEN). Real-time PCR was performed using the SYBR Green PCR kit (Takara Bio Inc.) protocol. The following primers were used for real-time PCR: HIRA forward, 5′-CCA TGT GTC TGT CTG CAC CA-3′, and HIRA reverse, 5′-TCA GGC GAC TCA GCC TTA TC-3′; β-catenin forward, 5′-ATC ACT GAG CCT GCC ATC TG-3′, and β-catenin reverse, 5′-GTT GCC ACG CCT TCA TTC-3′ (Mao et al., 2009 ); SOX2 forward, 5′-GTG AGC GCC CTG CAG TAC AA-3′, and SOX2 reverse, 5′-GCG AGT AGG ACA TGC TGT AGG TG-3′ (Jiang et al., 2015) ; CyclinD1 forward, 5′-GCC TAC AGC CCT GTT ACC TG-3′, and CyclinD1 reverse, 5′-ATT TCA TCC CTA CCG CTG TG-3′ (Xia et al., 2015) ; PAX6 forward, 5′-CAG AAC AGT CAC AGC GGA GT-3′, and PAX6 reverse, 5′-TCC AGC ACC TGG ACT TTT GC-3′; SOX1 forward, 5′-CCA TCT CCA ACT CTC AGG GC-3′, and SOX1 reverse, 5′-CCG ACT TGA CCA GAG ATC CG-3′; REST forward, 5′-GTG CGA ACT CAC ACA GGA GA-3′, and REST reverse, 5′-AAG AGG TTT AGG CCC GTT GT-3′; (Mao et al., 2011) . Ngn2 forward, 5′-AGC TCA CGA AGA TCG AGA CG-3′, and Ngn2 reverse, 5′-GTA TGG GGA CGT GGA GTT GG-3′; YAP forward: 5′-AGG AGA GAC TGC GGT TGA AA-3′, and YAP reverse: 5′-CCC AGG AGA AGA CAC TGC AT-3′ (Xia et al., 2015) ; Olig2 forward, 5′-GGT GTC TAG TCG CCC ATCG-3′, and Olig2 reverse, 5′-AGA TGA CTT GAA GCC ACC GC-3′; Foxg1 forward, 5′-GGC AAG GGC AAC TAC TGG AT-3′, and Foxg1 reverse, 5′-CGT GGT CCC GTT GTA ACT CA-3′; Ki67 forward, 5′-AGC TGC CTG TAG TGT CAA AAA-3′, and Ki67 reverse, 5′-ATC TTG ACC TTC CCC ATC AGG-3′; Mcm2 forward, 5′-AGA GCT GAC CGG CAT TTA CC-3′, and Mcm2 reverse, 5′-TTG TGC TTT CCA CCT GGG TT-3′; β-actin forward, 5′-GGT GGG AAT GGG TCA GAA GG-3′, and β-actin reverse, 5′-AGG AAG AGG ATG CGC CAG TG-3′; (Shen et al., 2015b) ; and Setd1A forward, 5′-CCA ACG AGA GTG TGC CCT TT-3′, and Setd1A reverse, 5′-CTG TCC ATT GGC CTT TGG TG-3′.
ChIP-qPCR
ChIP was conducted as follows: The in vitro cultured cells were treated with 1% formaldehyde and maintained for 15 min at room temperature to generate the cross-links. Then, to terminate the reaction, 2.5 M glycine was added.
Next, the cells were washed thrice using cold PBS supplemented with a protease inhibitor cocktail and 10 mM PMSF and collected in lysis buffer. Each cell lysate sample was sheared by sonication for 8 min, producing several chromatin fragments with a mean length of 200 bp. The complexes were then incubated with protein A magnetic beads that were previously incubated with 1 µg specific antibody at 4°C overnight. After washing six times with wash buffer (50 mM HEP ES-KOH, pH 7.5, 500 mM LiCl, 10 mM EDTA, pH 8.0, 1% Nonidet P40, and 0.7% sodium deoxycholate), the antibody-protein-DNA complex was incubated at 65°C overnight to reverse the covalent bonds. Genomic DNA was extracted from the supernatant using the TIANamp Genomic DNA kit (Tiangen Biotech) for further real-time PCR analysis. The following primers were used for ChIP-qPCR. The following primer sequences for the β-catenin promoter were provided: β-catenin-CDS-Forward, 5′-ACC TGT GCA GCT GGA ATT CTC-3′, and β-catenin-CDS-Reverse, 5′-TGA CGA AGA GCA CAG ATG GC-3′; β-catenin-0.5k-Forward, 5′-ACA CAT AAT TTT TGC TGT TAA ACT GAT-3′, and β-catenin-0.5k-Reverse, 5′-AGT ATG GCA TGT TGA AAC ATA TGG AG-3′; β-catenin-1k-Forward, 5′-TGT GTG TGT GTG TGT GTG TGT GTGT-3′, and β-catenin-1k-Reverse, 5′-CTT AAA GAT ATA GTC CCT TCT GAT TTTT-3′; and β-catenin-2k-Forward, 5′-TTA AGG CAC ACT CAG GAG GAA GC-3′, and β-catenin-2k-Reverse, 5′-TGG TTA CTG TTA GTC AGT TTG TGGC-3′.
The following primer sequences for the PAX6 promoter were provided: PAX6-0.5k-Forward, 5′-TTG GCC GGG TTT GGG-3′, and PAX6-0.5k-Reverse, 5′-ACC ACG AGG GGT CGA AAG-3′; and PAX6-1k-Forward, 5′-AGT GCA GGC TCT AGC CCTC-3′, and PAX6-1k-Reverse, 5′-GAT GGT GGG CAA GGA AGGG-3′.
The following primer sequences for the SOX2 promoter were provided: SOX2-0.5k-Forward, 5′-GCA CCC TGT TCC AAG TCT CT-3′; SOX2-0.5k-Reverse, 5′-AAT CCA ACA CCA TCA TAG TCC CC-3′; SOX2-1k-Forward, 5′-ATG CTG AGA AAT TCC AGT TAA CAA-3′; and SOX2-1k-Reverse, 5′-TGC TTG TTA AAA ACG CTT CGC-3′.
Coimmunoprecipitation
A volume of 25 µl Dynabeads Protein A (Thermo Fisher Scientific) that had been incubated with primary antibody (1 µl in PBS containing 0.02% Tween-20) was added into freshly extracted protein samples and incubated at 4°C overnight. The complex including Dynabeads, sample, and antibody was washed thrice and then removed from the supernatant using a magnet. The beads were resuspended with 30 µl 1× loading buffer and heated at 70°C for 10 min. Subsequently, the supernatant was harvested for Western blotting.
Statistical analysis
All images were analyzed with Photoshop CS6 (Adobe). Statistical analyses were performed with Student's t test with two-sided analysis (NS, not significant; *, P < 0.05; **, P < 0.01). Data distribution was assumed to be normal, but this was not formally tested. All data are presented as the mean ± SEM.
All supplemental material studies of neural stem cell proliferation and differentiation were complementary to the main results.
Online supplemental material
Fig. S1 shows real-time PCR detection of HIRA knockdown efficiency. Fig. S2 shows that HIRA knockdown has no effect on NPC apoptosis and that there is little difference in the positioning of GFP-positive cells between the scrambled control shRNA group and the empty control shRNA group. Fig. S3 shows that down-regulation of HIRA promotes cell cycle exit. Fig. S4 shows that HIRA knockdown increases differentiation in vitro. Fig. S5 shows that β-catenin is enriched in isolated NPCs and HIRA knockdown reduces β-catenin in vitro. Fig.  S6 shows that Setd1A knockdown reduces proliferation and promotes differentiation of NPCs in utero. Fig. S7 shows protein expression levels for CHIP assays.
